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We have previously shown that the P19 line of embryonal carcinoma cells
develops into neurons, astroglia, and fibroblasts after aggregation and exposure to
retinoic acid. The neurons were initially identified by their morphology and by the
presence of neurofilaments within their cytoplasm. We have more fully docu-
mented the neuronal nature of these cells by showing that their cell surfaces
display tetanus toxin receptors, a neuronal cell marker, and that choline acetyl-
transferase and acetyl cholinesterase activities appear coordinately in neuron-
containing cultures. Several days before the appearance of neurons, there is a
marked decrease in the amount of an embryonal carcinoma surface antigen, and at
the same time there is a substantial decrease in the volumes of individual cells.
Various retinoids were able to induce the development of neurons in cultures of
aggregated P19 cells, but it did not appear that polyamine metabolism was
involved in the effect. We have isolated a mutant clone which does not
differentiate in the presence of any of the drugs which are normally effective in
inducing differentiation of P19 cells. This mutant and others may help to elucidate
the chain of events triggered by retinoic acid and other differentiation-inducing
drugs.

During embryogenesis, pluripotent cells be-
come committed to specific differentiation path-
ways. Murine embryonal carcinoma (EC) cell
lines provide a culture system with which to
investigate this process of cellular determination
(10) because EC cells can be maintained in the
undifferentiated state in vitro by frequent sub-
culturing (7, 15, 29), and they can be induced to
differentiate into embryonic and extra-embryon-
ic cell types by a variety of procedures, includ-
ing aggregation and treatment with various drugs
(12, 21, 22, 27, 34, 36, 37).
Our recent experiments involved the euploid

P19 line of EC cells (24). These multipotent cells
can contribute to many normal tissues in the
developing embryo after transfer into mouse
blastocysts (30). When P19 cells are aggregated
in vitro in normal culture medium, most cells
retain the EC form, and only a small proportion
differentiate into extra-embryonic endoderm-
like cells (14). If the aggregates are exposed to
nontoxic concentrations of dimethyl sulfoxide
(DMSO), differentiation is extensive, and large
amounts of skeletal and cardiac muscle appear,
although neurons and glia are absent (23). On the
other hand, aggregates of P19 cells treated with
retinoic acid (RA) at high concentrations (great-
er than 5 x 10-8 M) develop into neurons, glia,

and fibroblasts, but not muscle (14). This paper
contains a further analysis of the neural differen-
tiation induced by RA treatment of P19 aggre-
gates.

MATERIALS AND METHODS

Cell lines and culture techniques. The P19 line of EC
cells was isolated from a teratocarcinoma induced in
the C3H/He strain of mice. The cells are euploid with a
normal male karyotype (24) and were cultured in alpha
minimal essential medium (35) (GIBCO Laboratories,
Grand Island, N.Y.) supplemented with 2.5% fetal calf
serum and 7.5% calf serum (Flow Laboratories, Mis-
sissauga, Ontario, Canada). They were maintained at
37°C in a 5% CO2 atmosphere.

Differentiation was carried out as follows. Cells in
the exponential growth phase were treated with Ca2'-
free and Mg2+-free phosphate-buffered saline (PBS)
containing 0.025% trypsin and 1 mM EDTA to remove
them from the surface of the tissue culture dish. They
were plated at a concentration of 105 cells per ml into a
bacteriological-grade petri dish (22). where they aggre-
gated spontaneously. The medium was replaced after 3
days, and 2 days later the aggregates were plated into
tissue culture dishes. Aggregates were scored for the
presence of neurons at 7 to 8 days. Immunofluores-
cence assays for tetanus toxin receptors and glial
fibrillar protein (GFP) were carried out at 12 to 14
days.
RA (Sigma Chemical Co.. St. Louis. Mo.) and the
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FIG. 1. Tetanus toxin and anti-GFP antiserum labeling of two different cell populations in RA-treated
cultures of P19 cells. All panels show the same field of cells after double labeling with tetanus toxin and anti-
GFP antiserum. The neurons are lying over a layer of flat glial cells. (a) and (c) were photographed at a higher
focal plane than (b) and (d). (c) shows the cells photographed with rhodamine filters, which allow tetanus toxin
binding to be visualized. The surface of the neuronal cell bodies and processes are clearly labeled in a patchy
fashion characteristic of tetanus toxin labeling. (There is some randomly scattered fluorescence associated with
the flat cells.) (a) is the corresponding phase micrograph. The staining of neurons was not observed if the tetanus
toxin absorption step was omitted. and no staining of astroglia occurred on omission of the anti-GFP antiserum.
Glial intermediate filaments are present in most of the flat cells, but the neurons are clearly not stained with the
anti-GFP antiserum (d). The arrows in (a) and (b) indicate the position of one of the neurons. Bar. 50 .m.

other retinoids were prepared as 10 - M stock solu-
tions in ethanol and were diluted directly into the
culture medium to obtain the desired concentration,
usually 5 x 10- M.

Isolation of nonresponsive mutants. Mutant cells
which did not differentiate in the presence of RA were
isolated by a two-step procedure from the P19S18 cell

line, a subclone of P19 (14). Initially, P19S18 cells
were cultured in medium supplemented with 10-7 M
RA. The cells were subcultured and maintained at
subconfluent densities for 2 weeks. Undifferentiated
cells were selected because of their relatively rapid
growth rate. After plating at low density for a further
10 days. colonies of morphologically undifferentiated
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FIG. 1. Continued.

cells were obtained, one of which was expanded into a

cell line and called P19S18RAC6. P19S18RAC6 was

subjected to a second selection step in the presence of
10- M RA for 3 weeks. These cells were plated at low
density for an additional week in the presence of the
drug, and one of the colonies, P19S18RAC65
(RAC65), was grown up for further study.

Immunofluorescence labeling of neurons and glia.
Aggregates of RA-treated and untreated cells were

plated directly onto cover slips, and the cultures were
allowed to develop undisturbed for 7 to 9 days. After
washing in alpha medium, the cultures were incubated
at room temperature for 30 min with 50 p.l of tetanus
toxin diluted 1:20 (Connaught Research Laboratories,
Willowdale. Ontario, Canada) (25). After washing, the

cover slips were treated with horse anti-tetanus toxin
(Connaught) at a 1:50 dilution for 30 min, washed, and
exposed to rhodamine-conjugated goat anti-horse
immunoglobulin G (lgG) (Cappel Laboratories, Coch-
ranville. Pa.) at a 1:50 dilution for 30 min. The cover
slips were then washed and fixed in 5% acetic acid in
methanol for 15 min at -20°C. Subsequent staining
with rabbit anti-GFP antiserum was as previously
described (14).
The cover slips were mounted in 50% glycerol and

were examined immediately with a Leitz photomicro-
scope equipped with epifluorescent optics.
EC antigen assays. For immunofluorescence experi-

ments, aggregates were dissociated in 1 mM EDTA in
PBS. The cells were allowed to settle for 10 min at unit
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gravity onto cover slips previously coated with poly-L-
lysine (1 mg/ml in water). After being washed in PBS,
they were treated on ice with a 1:25 dilution of ascites
fluid from hybridoma AEC3A1-9 (J. F. Harris, J. Chin,
M. A. S. Jewett, M. Kennedy, and R. M. Gorczynski,
submitted for publication) for 30 min. The cover slips
were washed and treated with fluorescein-conjugated
rabbit IgG raised against mouse IgM (Cedarlane Labo-
ratories, Hornby. Ontario, Canada) diluted 1:5. The
cells were fixed in 100% methanol at -20°C and then
were stained with ethidium bromide (1 pLg/ml in PBS)
and scored immediately. Cells were scored as positive
even if they had only one patch of fluorescence
associated with their cell surface.

Quantitative absorption analysis was performed
with gluteraldehyde-fixed cells by a modification of
the procedure of Harris et al. (submitted for publica-
tion). The supernatants from samples of AEC3A1-9
antibody-treated cells were tested for residual activity
in a two-step binding assay with fixed F9 EC cells and
1251-labeled F(ab')2 rabbit anti-mouse Fab. The cell
concentration required to reduce the AEC3A1-9 activ-
ity by 50% (D5() was derived from the cell titration
data for each cell population and was normalized to
the D () for a control P19 culture. This method assumes
a linear relationship between the relative De() and the
amount of antigen per cell.

Cells were prepared for gel electrophoresis and
Western blot analysis by extraction in 0.5% Nonidet P-
40. After electrophoresis in polyacrylamide gels, the
resolved glycoproteins were transferred to nitrocellu-
lose sheets, and the replica was incubated in AEC3A1-
9 ascites fluid followed by exposure to 125I-labeled
F(ab')2 rabbit anti-mouse Fab (Harris et al., submitted
for publication). The lanes were identified by autora-
dioaugraphy, and pieces of the nitrocellulose replica
were counted in a Beckman Gamma 4000 counter.

Estimation of median cell volume. We estimated the
median cell volume from the size distribution obtained
from a Coulter Counter Channelyser (Coulter Elec-
tronics Inc.. Hialeah, Fla.) Our estimation of the
median cell volume was the channel midway between
the two channels containing 50% of the peak number
of cells. Since the distributions were somewhat
skewed, this estimated value was larger than the peak.
Enzyme assays. The cells were scraped with a rubber

policeman from the tissue culture dishes, washed
twice in PBS, and stored at -80°C. Before assay. all
samples were suspended in an equal volume of water
and were sonicated. Protein concentrations were de-
termined by the Hartree modification of the Lowry
procedure (11).

Choline acetyltransferase (CAT) was assayed by the
radiochemical method described by Fonnum (9). Eser-
ine, an esterase inhibitor, was added to each reaction
mixture to prevent degradation of acetylcholine. Ace-
tylcholinesterase (AchE) was added to a duplicate
reaction mixture to determine the activity specifically
attributable to the formation of acetylcholine.
The spectophotometric method of Ellman et al. (5)

was used to assay AchE. The activity specifically due
to AchE was determined by (i) adding a specific
inhibitor of AchE. BW 284C51 (Sigma). and (ii) adding
ethopropazine. which specifically inhibits pseudoes-
terases. The two values were averaged. Both inhibi-
tors were kept in a stock solution at 10--2M at 5°C and
were used a final concentration of 10- M.

RESULTS
Characteristics of the neurons. The neurons

which appeared in RA-treated cultures were
identified in previous experiments by their form
and their intermediate filaments, which could be
specifically stained with antiserum directed
against the 160,000-molecular-weight neurofila-
ment protein (14). Another neuronal cell marker
is the ability to bind tetanus toxin (1). Tetanus
toxin binds to neurons in central nervous system
explant cultures via specific cell surface ganglio-
sides (2). Nonneuronal cells in the same cultures
do not bind tetanus toxin (25).
The binding of tetanus toxin to neurons in RA-

treated cultures was visualized by an indirect
immunofluorescence assay. Figure la is a phase-
contrast micrograph of a portion of an RA-
treated aggregate. The neurons are lying on a
monolayer of flat cells. Both the neuronal cell
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FIG. 2. Coordinate rise in CAT and AchE activi-

ties in RA-treated cultures. The specific activities of
CAT and AchE were determined in treated (0) and
untreated (0) aggregate cultures of P19 cells. Aggre-
gates were plated at 5 days (arrow), and neurons
became abundant at 7 days. (a) Each point represents
an average of the specific activity of AchE which was
specifically inhibited by BW 284C51 and the specific
activity remaining after ethopropazine was added to
the reaction mixture to inhibit pseudoesterases. Adult
C3H/He mouse brain extracts contained a specific
activity of 120 nmol per min per mg of protein. (b)
Each point represents the specific activity of CAT
obtained in the presence of eserine. an esterase inhibit-
er. An activity of 40 pmol per min per mg of protein
was found in adult mouse brain.
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bodies and their processes bound tetanus toxin
(Fig. lc). No other cell types in these cultures or
in untreated cultures bound tetanus toxin.
The same cells seen in Fig. la and c were also

exposed to antiserum directed against GFP, a
major component of the intermediate filaments
found in glial astrocyte cells (16). Figure ld
shows that the monolayer of cells underlying the
neurons in Fig. la is composed of glial cells. The
neurons did not stain with anti-GFP. Thus,
neurons and glia form two distinct cell popula-
tions in RA-treated cultures. The glial cells did
not label uniformly with anti-GFP (Fig. ld),
probably because of the asynchrony with which
the glioblasts (GFP-) mature into astrocytes
(GFP+).
CAT, the enzyme responsible for the synthe-

sis of the neurotransmitter acetylcholine, has
been used as a neuronal cell marker (28). This
activity was absent from untreated cultures but
did appear in RA-treated cultures (Fig. 2b) and
peaked at the time when neurons were most
numerous. AchE activity showed a coordinate
rise (Fig. 2a). The decline in specific activity of
these two enzymes at 10 days is probably a
consequence of the proliferation of nonneuronal
cells in these cultures.
Mechanism of action of RA. The mechanism

by which RA induces P19 cells to differentiate
into neurons and glial cells may be similar to the
mode of action of this drug in other biological
systems. Structural analogs of RA have been
used to investigate which parts of the RA mole-
cule are important for biological activity (19). A
number of retinoids were tested for their ability
to induce P19 cells to differentiate into neurons.
Table i shows that retinoids with major modifi-
cations to the C15 carboxylic acid group of RA
required much higher concentrations to attain
the same efficiency as RA. The relative efficien-
cies of the analogs are similar to those obtained

TABLE 1. Efficiencies of some retinoids on
induction of neuronal development

Half-effec- Efficiency
Retinoid tive dose relative to

(x 10-8 M)a all trans

All trans RA 2.8 1
13-cis RA 3.8 0.73
Retinal 50 0.06
Retinol 280 0.01
Retinyl acetate 430 0.007
TMMPb analog of ethyl 450 0.006

retinoate
TMMP analog of N-ethyl >1,000

retinamide
a Dose at which 50% of plated aggregates contained

neurons.
b TMMP, Trimethylmethoxyphenol.
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FIG. 3. Failure of RAC65 cells to differentiate into
neurons in the presence of RA. Aggregates of cells
were cultured for 5 days in the presence of drug,
plated, and scored 2 to 3 days later. Normally. 50
aggregates were scored for each drug concentration in
each experiment. The points indicate the means ob-
tained from several experiments. Symbols: 0. P19S18;
0, P19S18RAC6: O, RAC65; *, HY-1.

in some other biological systems (13, 19, 20) and
suggest that the intracellular mechanisms of
retinoid action in P19 cells are similar to those in
those other systems.
RA is an anti-tumor promoter. This activity

may result from RA-mediated suppression of
ornithine decarboxylase, a key enzyme in poly-
amine biosynthesis (38). Since polyamines may
play a role in some other differentiation systems
(8, 32), it seemed possible that the RA effect on
P19 could be mediated by decreases in intracel-
lular polyamine levels. Cultures of aggregated
P19 cells were exposed to the following drugs,
both in the presence and absence of RA: 3 x
10-6 M spermidine, a polyamine; 3 x 10-4 M
alpha-methylornithine and 10-7 M methylgly-
oxal-bis-(guanyl-hydrazone), two inhibitors of
polyamine biosynthesis; and two tumor promo-
tors, 10-5 M phorbol myristate acetate and 3 x

10-6 M dexamethasone. These drug concentra-
tions were nontoxic in 48-h growth tests. None
of these drugs had any effect on the P19 cultures,
suggesting that changes in polyamine metabo-
lism do not mediate the developmental effects
induced in RA.
Mutant cell lines. Since the important biologi-

cal consequences of RA treatment were not
obvious, we used a genetic approach to attempt
to determine which events are crucial to the
differentiation process. This section describes
the stepwise isolation of a cell line which does
not differentiate into neurons in the presence of
RA. The clone P19S18RAC6 was selected for its
ability to grow continuously in the presence of
10-7 M RA, and these cells were less responsive
to RA than the parental cells (Fig. 3). RAC65 is a
subclone of P19S18RAC6 which was isolated in
the presence of 10-5 M RA. RAC65 cells do not
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FIG. 4. Continuous growth of RAC65 cells in the presence of 5 x 10-' M RA. The growth rate of cells
in monolayer cultures was determined by plating cells into duplicate tissue culture dishes (106 cells per 100-mm
dish). The cells from the two dishes were counted after 24 and 48 h. Two new dishes were seeded from the cells in
the 48-h dish, and the process was continued for 8 days. The points represent the means of two experiments. The
number of cells at each time point was normalized to the cell number at day 0 of the experiment. P19 cells (a),
RAC65 cells (b), and HY-1 cells (c) were grown in the continuous presence (0) or absence (0) of RA. The
doubling times were as follows: P19, 14.7 h in untreated cultures; RAC65, 16.3 h in treated and untreated
cultures; HY-1, 16.7 h in treated and untreated cultures for 3 days, at which time it increased to 20.1 h in treated
cultures.

differentiate into neurons at concentrations of
RA as high as 10-6 M (Fig. 3). RAC65 cells are
similar in form to P19 EC cells and have 42
chromosomes.
The RAC65 cells grew continuously and rap-

idly in both the presence and absence of RA
(Fig. 4b), whereas the parental P19 cells did not
grow continuously in RA-treated cultures (Fig.
4a). After 2 days in RA, proliferation ceased,
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and the P19 cells changed into cells with a
fibroblastic form. No such morphological
change occurred in RA-treated RAC65 cultures.
No cells with the EC form were apparent in

RA-treated P19 aggregates by 7 to 8 days after
the beginning of the experiment. In contrast,
RAC65 aggregates of the same age appeared to
consist entirely of undifferentitated cells. To
substantiate this observation, we used a mono-
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FIG. 5. Disappearance of AEC3A1-9 EC cell-associated antigen from RA- and DMSO-treated aggregate

cultures of P19 cells but not from similarily treated RAC65 cells. The relative amount of antigen per P19 cell was
determined by an absorption procedure after gluteraldehyde fixation of the cells (a). The percentage of antigen-
positive cells in P19 (b) and RAC65 (c) cultures was measured by an indirect immunofluorescence procedure.
Each point represents the mean of two or three experiments. Five hundred cells were scored for each point in
each experiment of (b) and (c). Symbols: 0, untreated cells; 0, cells treated with 5 x 10-7 M RA; O, cells treated
with 1% DMSO.
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clonal antibody, AEC3A1-9, which detects an

antigen that is found on undifferentiated EC cells
but is not present on differentiated cells (Harris
et al., submitted for publication). The AEC3A1-
9 antigen is closely related to the antigen detect-
ed by SSEA-1 (33).
Both RA and DMSO induced the disappear-

ance of antigen-bearing cells from cultures of
P19 aggregates (Fig. 5b) but not from cultures of
RAC65 aggregates (Fig. Sc). Although about
25% of P19 cells from drug-treated cultured cells
carried antigen at 5 days, the fluorescence was
weak, and quantitative immunoabsorption ex-

periments indicated that cells in RA-treated cul-
tures contained only about 1% of the antigen
concentration present on untreated cells (Fig.
5a). The disappearance of the EC antigen from
these cultures was also observed in protein blots
(Fig. 6). The antigenic molecules migrated very
slowly in sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, and they were essen-
tially absent by day 4.

Cell-cell hybridization experiments were car-
ried out in which RAC65 cells were fused to
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FIG. 6. Decrease in size and amount of AEC3A1-9
antigen in RA-treated cultures. Nonidet P-40 cell ex-

tracts were electrophoresed on polyacrylamide slab
gels, transferred onto nitrocellulose, and treated with
AEC3A1-9 ascites fluid followed by '25I-labeled
F(ab')2 rabbit anti-mouse Fab. Pieces (1 by 0.5 cm) of
the replica were counted in a Beckman Gamma 4000
counter. Results are shown for antigen from undiffer-
entiated cells (a), 1 day after the addition of 5 x 10-'
M RA to cell aggregates (b), after 2 days in RA (c), after
3 days in RA (d), after 6 days in RA (e). The arrows

labeled IgM and IgG are molecular weight markers.
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FIG. 7. Decrease in volume of cells from RA-
treated aggregates. Aggregated cells were dissociated
at daily intervals. Each point represents the median
cell volume calculated from a size distribution ob-
tained with a Coulter Counter Channalyser. Symbols:
0. untreated P19 cells: 0, P19 cells treated with 5 x

10-7 M RA; *, RAC65 cells treated with 5 x 10-7 M
RA.

P19S1801A1, a 6-thioguanine-resistant and oua-

bain-resistant clone of P19 cells (23). Clones of
hybrid cells were selected in HAT medium (17)
supplemented with 1.5 mM ouabain. Two
clones, HY-1 and HY-2, were examined in de-
tail. Both hybrid lines differentiated into neurons
when aggregated in the presence of RA (Fig. 3),
although a few undifferentiated cells remained in
the aggregates. These cell lines grew more slow-
ly after 3 days in RA (Fig. 4c) but did not
abruptly cease proliferation as P19 did (Fig. 4a).
The chromosome numbers of both hybrid cell
lines varied between 69 and 80; the combined
parental number is 82. Thus, the intermediate
phenotype of the hybrids may be a consequence
of chromosome segregation, leading to the
expression of recessive alleles.

Cell volume changes associated with commit-
ment. The cells in P19 aggregates in RA-treated
cultures became smaller than cells in untreated
cultures. We estimated the median cell volume
from cell size distributions obtained with a Coul-
ter Counter Channalyzer. The 30% decrease in
the volume of untreated cells probably reflects
accumulation of cells in the G1 phase of the cell
cycle. RA-treated cultures showed a much more
dramatic 75% decrease in median cell volume
(Fig. 7).

This large volume decrease affected all cells in
the population and was only seen under condi-
tions in which neurons and glia were destined to
develop. RA-treated RAC65 cell aggregates did
not show this decrease in cell size (Fig. 7). P19
cells treated with RA in monolayer cultures
developed into fibroblasts, but not into neurons
and glia. No decrease in median cell volume was

observed in these cultures (data not shown).
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DISCUSSION
The results reported here confirm the identity

of the neural cell types which develop from RA-
treated aggregates of P19 cells. The cells which
morphologically resemble neurons contain neu-
rofilaments (14) and tetanus toxin binding sites,
two neuronal cell markers. The presence of GFP
remains the only marker which we have success-
fully applied to the glial cells, but double-label-
ing experiments clearly distinguish the astroglia
from the neurons. Both neural cell types resem-
ble the embryonic rather than the adult cells
because they lack markers of mature neural
cells. For example, the neurons do not stain with
antibody to Thy-1 glycoprotein (6), and the glial
cells do not contain S-100 protein (26) (unpub-
lished observations). The observation that CAT
and AchE activities appear coordinately in RA-
treated cultures provides further evidence for
the neuronal nature of some of the cells formed
and may also suggest that some of the neurons
are cholinergic. Further studies are under way to
explore the character of the neurons more fully.
Our previous work (14) indicated that RA

could be removed after 48 h and still be fully
effective in inducing neural development. We
have shown that shortly after this 48-h period,
the cells in treated aggregates begin to lose their
EC antigen and their volumes start to decrease.
The decrease in cell volume is an early event in
neural development of the P19 cultures but is not
necessary for all forms of differentiation because
no drop in cell volume is seen in DMSO-treated
aggregates of P19 cells destined to develop into
nonneural tissues, including muscle (3). De-
creases in cell volume have been shown to be
early events in the commitment of Friend eryth-
roleukemia cells (18) and the spontaneous differ-
entiation of an EC cell line called 1009 (28). The
effects noted on RA-treated P19 aggregates are
more dramatic because the cells do not simply
accumulate in the Gl phase of the cell cycle but
shrink to 25% of their original volume. This may
suggest that major changes in ion movements
accompany the transition of cells from the plu-
ripotent state to the neuroectodermal lineages.
The EC antigen defined by AEC3A1-9 is prob-

ably the same molecule recognized by SSEA-1
(33). This antigen exists on molecules which
migrate very slowly in sodium dodecyl sulfate-
polyacrylimide gels (apparent molecular weight
of about 106). It disappears more rapidly from
DMSO-treated aggregates than from RA-treated
aggregates and remains present in small quanti-
ties on about 25% of cells in RA-treated cul-
tures. It is possible that the antigen may be
synthesized in small amounts by certain differ-
entiated cells or that residual antigen may be
trapped after its secretion by the few remaining
EC cells.

It remains unclear how RA triggers the neural
developmental pathway. RA has a number of
diverse biological effects (19). The relative effi-
ciencies of RA analogs are similar in many in
vitro systems (19, 20). This hierarchy of efficien-
cies is correlated with the affinity of the retinoids
for the cellular RA-binding protein (13, 20). The
effectiveness of the various retinoids that we
have tested in the P19 system suggests that the
reaction of RA with the cellular RA-binding
protein may be a first step in inducing P19 cells
to differentiate into neurons. This is consistent
with the observations of Schindler et al. (31),
who found that a line of RA-nonresponsive
PCC4 EC cells lacked cellular RA-binding pro-
tein activity. In some systems, RA acts by
inhibiting the induction of ornithine decarboxyl-
ase, a key enzyme in polyamine biosynthesis (8,
19, 32, 38). However, our data suggest that
polyamine biosynthesis is not involved in trig-
gering the neural developmental pathway.
RAC65 cells have maintained their nonre-

sponsive phenotype for many generations in
tissue culture, suggesting that one or more stable
genetic changes have occurred in these cells.
Two selection steps were needed for the isola-
tion of RAC65, and we have been unsuccessful
in several attempts to isolate a nonresponsive
mutant with only one selection step. Since the
inability to respond to RA seems to behave as a
recessive character in the cell hybrids, the two-
step isolation requirement probably reflects the
presence of two active alleles in the diploid P19
cells.

Different concentrations of RA are effective in
inducing the development of different cell types
(4), and structurally related drugs such as
DMSO, butyrate, and 6-thioguanine have similar
differentiation-inducing properties to those of
RA (3). The fact that RAC65 cells fail to respond
to any of these drugs suggests that all these
drugs have a common intracellular pathway of
action and that the defect(s) in RAC65 cells
affects some component of this shared pathway.
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